Costimulatory signals received by diabetogenic T cells during priming by or upon secondary encounter with autoantigen are decisive in determining the outcome of autoimmune attack. The OX40-OX40 ligand (OX40L) costimulatory pathway is known to influence T cell responses, prompting us to examine its role in autoimmune diabetes. A null allele at OX40L completely prevented diabetes development in nonobese diabetic mice and strongly reduced its incidence in a TCR transgenic model (BDC2.5). However, somewhat paradoxically, the initial activation of T cells responsive to islet ␤ cell Ag was slightly faster and more efficient in the absence of OX40L, with an increased degree of cell proliferation and survival in the deficient hosts. Activated T cell migration into and retention within the islets was also slightly accelerated. When challenged in vitro, splenocytes from BDC2.5.OX40L o/o mice showed no altered reactivity to exogenously added peptide, no bias to the Th1 or Th2 phenotype, and no alteration in T cell survival. Thus, the OX40/OX40L axis has the paradoxical effect of dampening the early activation and migration of autoimmune T cells, but sustains the long-term progression to autoimmune destruction.
T ype 1 diabetes mellitus is caused by autoreactive T cell destruction of insulin-producing ␤ cells (1) . The costimulation that diabetogenic T cells receive during priming by or secondary encounters with autoantigen is one of the decisive signals regulating the progression of diabetes. For example, costimulation through members of the CD28 family expressed on T cells (CD28, CTLA-4, inducible costimulator) is involved in the control of autoreactivity during initiation of insulitis in mouse models, preventing the complete destruction of ␤ cells (Refs. 2, 3 and A. Herman, A. J. McAdam, A. H. Sharpe, D. Mathis, and C. Benoist, manuscript in preparation). Similarly, signaling through CD40/CD154, members of the TNF/TNFR family of costimulatory molecules, is known to be important for diabetes development (4, 5) , although not completely essential.
Another TNFR family member, OX40 (CD134, tnfrsf4), a contributor to the costimulatory signal for CD4 ϩ T cells, may also be of interest in the context of type 1 diabetes. OX40 is expressed only, and only transiently, on activated T cells (6) . OX40 ligand (OX40L) 4 (CD134-L, tnfsf4) is expressed on APCs, B cells, macrophages, and dendritic cells (DCs), also after activating stimuli (7-10) and on vascular endothelial cells (11) . OX40-OX40L costimulation promotes priming and survival of CD4 ϩ T cells after an antigenic or tumor challenge (10, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . It requires direct interaction between T cells and DCs (22) , and may involve induction of the anti-apoptotic Bcl-x L and Bcl-2 molecules (13) . Blocking OX40-OX40L interaction suppressed autoimmune attack by CD4 ϩ T cells in several experimental systems. Treatment with anti-OX40L reduced inflammation in the joints of mice with collagen-induced arthritis (CIA), and OX40/OX40L blockade dampened clinical signs of experimental autoimmune encephalomyelitis (EAE) (10, 21, 23, 24) . The mechanism of such protection has not been fully clarified: in the CIA model, CD4
ϩ T cells seemed to have reduced differentiation to the Th1 phenotype and helper activity; in the EAE model, the priming and activation of pathogenic T cells or their migration to the spinal cord were found to be differently affected in the various studies.
The goal of this study was to evaluate the impact of the OX40/ OX40L pair on the development of type 1 diabetes. We introgressed the OX40L knockout (KO) mutation (OX40L o ) (19) onto the nonobese diabetic (NOD) or BDC2.5 TCR transgenic (tg) background. The former is the classical mouse model of autoimmune diabetes; the latter is a derivative carrying the rearranged TCR genes from a diabetogenic T cell clone derived from a NOD mouse, and harboring anti-islet T cells at high frequency, thereby greatly facilitating dissection of the events that modulate the activation and effector function of potentially diabetogenic T cells (25) . We find that OX40L does make an important contribution to autoimmune diabetes, but it does so in paradoxical manner, not readily congruent with previous conceptions of its role in immune and autoimmune responses. (40N) . Analysis of the stained samples was done on a Coulter XL cytometer, using EXPO32 software. OX40L genotypes were determined by PCR analysis of tail DNA (with a combination of primers specific for the neomycin and OX40L genes (19) ).
Materials and Methods

Mice
Mice were monitored for diabetes weekly starting at day 21, and were followed for up to 30 wk. Animals were considered diabetic after two sequential positive measurements of urine glucose and a blood measure above 300 mg/dl.
Histology
Thin sections from different levels of 4% paraformaldehyde-fixed, paraffin-embedded pancreas were H&E stained and examined for the presence of insulitis. All the islets were counted and analyzed to determine the percentage of infiltrated islets and the degree of infiltration.
Adoptive transfers of CFSE-labeled cells
Depending on the particular experiment, splenocytes from either BDC2.5/N or BDC2.5/N.OX40L o/o were pooled. The cell suspension was depleted of erythrocytes in 0.83% NH 4 Cl, washed with PBS, adjusted to 10 7 cells/ml in PBS and labeled with 2.5 mM of CFSE (Molecular Probes, Eugene, OR) for 10 min at 37°C. After the incubation time, the cells were washed twice with DMEM supplemented with 20% FCS and adjusted to 10 8 cells/ml. In each experiment, 100 l of CFSE-labeled cells were injected i.v. into recipient mice (o/o, ϩ/o, or wild-type for OX40L). After transfer (60 h), or when indicated, lymph nodes (LN) were removed, smashed between glass slides, and the cell suspensions were stained with biotin-conjugated anti-CD44 (BD PharMingen), streptavidin-PE Cy5 (DAKO, Glostrup, Denmark), anti-CD4 PE-Texas Red (Caltag Laboratories), V␤4-PE (BD PharMingen) and anti-BDC2.5 (27) . A total of 1 ϫ 10 6 cells were analyzed per sample in a Coulter XL cytometer using EXPO32 software.
DC flow cytometry analysis
Lymphocytes from OX40L o /NOD and OX40L o /B6 g7 were harvested and dissociated with collagenase D (30 min at 37°C). The cell suspensions were blocked with anti-CD32/CD16 (BD PharMingen) in FACS wash buffer (PBS supplemented with 3% heat-inactivated horse serum and 0.05% sodium azide). After 15 min at 4°C the cells were washed and stained with anti-A k (clone 10-3-6, BD PharMingen), anti-mouse IgG HϩL Cy5 (The Jackson Laboratory, Bar Harbor, ME), anti-mouse CDllc-PE (BD PharMingen), anti-mouse CD11b-biotin (Caltag Laboratories), anti-mouse B220-FITC, Streptavidin-PE Cy7 (Caltag Laboratories) and 0.1 g/ml Hoechst 133 (Molecular Probes).
Ag presentation assay
Splenocytes from BDC2.5/N.OX40L o mice (o/o, ϩ/o, or ϩ/ϩ littermates) were depleted of erythrocytes as previously described, washed and cultured in DMEM supplemented with 10% FCS, 2 mM glutamine, nonessential amino acids, sodium pyruvate, penicillin and streptomycin, in the presence of the agonist mimotope peptide 1040 -63 of Judkowski et al. (28) : RTRPLWVRME, hereafter referred to as BDCmi peptide. Cultures were harvested at 72 h following 18-h exposure to 0.5 mCi [
3 H]TdR, and incorporated radioactivity was measured in a Direct Beta Counter MATRIX 9600 (Packard Instrument, Meriden, CT). For experiments involving T cells and APCs from different sources, DCs were purified by positive selection through magnetic cell sorting with streptavidin microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) using biotin-conjugated anti-mouse CD11c (BD PharMingen) following the manufacturer's instructions, and T cells were purified by magnetic negative selection using mAb conjugated to biotin anti-B220, anti-A␤ k (10-2-16), anti-CD11c, antiCD11b, anti-CD8a, and anti-CD69.
Adoptive transfer of CD4
Purification and adoptive transfer of CD4 ϩ T cells were done largely as described (29) . Briefly, splenocytes from 5-to 9-wk-old OX40L o /NOD mice or heterozygous littermates were positively selected with anti-CD4 magnetic beads (Miltenyi Biotec), according to the manufacturer's protocol. A total of 95% of the selected cells were CD4
ϩ . These cells were injected i.p. into 10-day-old BDC2.5/N-Rag o/o mice, and the recipients were tested from age day 20 for diabetes every 2-3 days.
Results
Lack of OX40L expression can block diabetes development in NOD mice
To evaluate the impact of OX40L on the development of autoimmune diabetes, the OX40L-null mutation (19) was backcrossed onto the NOD/Lt genetic background. To accelerate the natural attrition of diabetes-resistance loci during the backcross, we selected breeders for homozygosity of the NOD alleles at the main diabetes-resistance loci (idd1 at the MHC, idd3, idd5, and idd10). After eight generations of backcross, the mice were intercrossed and followed for diabetes until 30 wk of age. As illustrated in Fig.  1A , the OX40L deficiency had a dramatic impact: all homozygous KO mice were completely protected from diabetes, whereas disease showed its usual course and penetrance in wild-type littermates. In parallel, we evaluated the incidence of insulitic lesions in the pancreas (Fig. 1B) . In this evaluation, the OX40L deficiency had a strong influence, almost completely eliminating leukocytic infiltration of islets. Thus, OX40/OX40L costimulation seems to play an essential role in the pathogenesis of type 1 diabetes in the NOD mouse, as it does in murine models of other autoimmune diseases (10, 21, 23, 24) .
As an independent verification of this conclusion, and to begin dissecting the mechanisms involved, we crossed the OX40L mutation into the BDC2.5/B6 g7 line. In these TCR tg mice, the congenic H-2 g7 locus permits the activation of BDC2.5 ϩ T cells, whereas disease-accelerating loci from the B6 genetic background contribute to a faster and more reproducible progression to overt diabetes (25, 26) as also happens for idd7, 8, and 14 in NOD mice (30, 31) . The incidence of diabetes in this context is ϳ50%, with peak onset around 5-6 wk. Diabetes was followed in OX40L-deficient and control littermates in two independent cohorts (Fig.  1C) . In both sets of animals, the OX40L-deficient mice showed a very significant reduction in disease compared with littermates heterozygous or wild-type for OX40L. Both the overall incidence (14.6% in o/o vs 48.6 and 50.0% in ϩ/o and ϩ/ϩ control groups) and the maximum age of onset (9.5 vs 6 wk median age of onset) were altered in homozygotes. Thus, in this second model of diabetes, for which diabetes susceptibility loci of the NOD genome play essentially no role, the OX40-OX40L pathway affects the development of diabetes, prompting us to study further the root of this effect.
No heightened tolerance in OX40L-deficient mice
One of the most obvious explanations for the profound effect of the OX40L mutation on diabetes development in NOD mice was that tolerance induction in the T cell compartment was affected, as has been suggested in another context (32) . Might pancreas-reactive T cells be tolerized more efficiently in the absence of OX40 costimulation? This hypothesis was tested in the BDC2.5 TCR tg model of diabetes, which allows one to track the fate of islet-reactive, CD4 ϩ T cells (25) . A mAb specific for the BDC2.5 clonotype has recently been generated; BDC2.5/N TCR tg mice were found to harbor T cells expressing various levels of clonotypic TCR, antiislet reactivity varying for cells with different clonotype levels (27) . The BDC2.5 transgenes were introduced into the mouse line carrying the OX40L-null mutation on the NOD background (eight generations of backcross) to generate BDC2.5/N. (Fig. 2A) .
The lack of diabetes in the absence of OX40 costimulation might also have been explained by induction of anergy in autoreactive T cells. This possibility was tested by stimulating T cells /NOD mice at the 8th generation backcross to NOD (n ϭ 10), or wild-type littermates (n ϭ 13), were followed for diabetes up to 30 wk of age. B, Insulitis was quantitated in pancreata from mice of various ages, with or without the OX40L o/o mutation on the NOD background. Peri-insulitis (Ⅺ) and true insulitis (f) are shown. Each bar represents an individual mouse. The evaluation of H&E sections was performed in a blind fashion by two independent observers. C, Diabetes progression in BDC2.5/B6 g7 OX40L littermates; two independent cohorts were followed (n in expt. 1: 
by the BDC2.5 clonotype is still unknown, but several agonist mimotope peptides have been described recently (28) . As shown in Fig. 2B (Fig. 2B,  right) . Therefore, signals from OX40L do not seem to impact on the numbers and reactivity of islet-specific T cells. Tolerance is not an issue.
More efficient autoimmune activation in the absence of OX40L
We next examined the activation of T cells in vivo, as the deficit in OX40L could conceivably prevent the activation of otherwise normal T cells. In a first set of experiments, we examined the rate of establishment of autoimmune infiltration, to test whether the initial entry of islet-reactive T cells into the target organ might be affected. In BDC2.5 TCR tg mice, the insulitis initiates in a very stereotyped and abrupt fashion, between 14 and 18 days of age (25, 33) , a timing found to be similar in other TCR tg systems based on islet-reactive specificities (34 -36) . As shown in Fig. 3 , insulitis was not retarded in BDC2.5/N.OX40L o/o mice compared with OX40L-proficient littermates: it was already detectable at day 15, and actually showed significantly increased leukocyte penetration into the islets compared with that of wild-type littermates (29 vs 9% fully infiltrated islets, p ϭ 0.032). By day 21, the wild-type mice had "caught up" somewhat, but there was still a higher proportion of mice with insulitis in the OX40L o/o group (56 vs 36%). Thus, and contrary to expectation, the absence of OX40L did not delay insulitis, but actually accelerated the rate of leukocyte accumulation in target organs.
In a second set of experiments, to test whether OX40L costimulation affected the initial activation of BDC2.5 T cells in vivo, we transferred the same preparations of CFSE-labeled naive splenocytes from BDC2.5/N mice into OX40L o/o /NOD and control littermates. We and others have shown that Ag-specific activation of islet-reactive T cells first occurs in the adjacent pancreatic lymph nodes but not in lymph nodes draining other organs (33, 34, 36) . As illustrated in the representative experiment of Fig. 4, BDC2 .5/N T cells proliferated effectively when transferred into both OX40L-deficient and -proficient mice, with an increased proportion of divided cells in the KO hosts. This trend was analyzed in a number of similar experiments in which we quantitated both the proportion of cells having undergone division ("proliferation index") and the total cell yield, reflecting cell division and survival in the first days of the response. A range of experimental conditions and times (between 48 and 76 h post-transfer) was used, thus spanning the very early stages of the response (very few cells having divided) to more advanced response stages (the majority of cells having undergone several cycles of division). In all cases, the KO recipients showed an increased proportion and absolute number of proliferated cells, even at the earliest times of response (Table I) , suggesting that signaling through OX40 actually has a negative effect on T cell proliferation and survival subsequent to stimulation by autoantigens. This observation contrasts with prior suggestions that OX40 costimulation conditions the survival of cells after priming (13, 16, 18) , but likely explains the faster onset of insulitis previously shown (Fig. 3) .
Given this more active presentation of endogenous Ags in the OX40L-deficient mice, we then analyzed the DC compartment in these mice, as presentation by DCs is the rate-limiting step for T cell activation in the lymph node environment. Might a phenotypic alteration in DCs explain the more effective autoantigen presentation? Lymph node DC populations from OX40L o/o /NOD and control littermates were analyzed by flow cytometry, delineating these complex populations with mAbs to CD11c, CD11b, CD8, and DEC205. Overall, the OX40L deficiency did not induce any alteration in overall DC numbers in pancreatic lymph nodes or other lymph nodes (data not shown). The relative proportions of so-called myeloid and lymphoid DCs, ascertained from CD8 and DEC205 stains, were also unaffected. On the contrary, the CD11c ϩ
CD11b
high subset of Table I ). ) compared with that of the same population in OX40L-positive littermates (Fig. 5, A and B) . This was observed not only in the pancreatic lymph nodes but also in other lymph nodes, and was isolated in that CD86, CD80, and CD40 levels were not affected (data not shown). When cultured in vitro, however, these APCs are not demonstrably more effective at presenting the BDC2.5mi peptide (Fig. 5C) . Thus, in the absence of OX40L there is induction of MHC class II molecules on DCs as a result of T cell activation or due to enhanced DC maturation, consistent with the increased efficiency of BDC T cell priming and insulitis.
Thus, rather paradoxically in light of its requirement for progression to end-stage diabetes, OX40L costimulation actually dampens the early stages of autoimmune T cell activation and islet infiltration.
No detectable regulatory cell defect in the absence of OX40L
It has recently been suggested that OX40L costimulation may be tied to the function of regulatory T cells (37) . We performed several experiments to test whether a difference in the regulatory populations might account for the effect of OX40L on development of autoimmune diabetes. The numbers and phenotypic characteristics of CD4 ϩ CD25 ϩ cells were very comparable in spleens of OX40L o/o /NOD mice and control littermates, as were those of NKT cells (data not shown). We also tested directly the function of regulatory populations in these mice, using a sensitive assay system previously described (29) . BDC2.5/N.RAG o/o mice become uniformly diabetic by 4 wk of age, but the normal splenocytes from NOD mice can prevent diabetes when transferred at 10 days of age. As shown in Fig. 6, CD4 ϩ splenocytes from either donor protected BDC2.5/N.RAG o/o mice when 2 ϫ 10 5 cells were administered (a subsaturating dose repeatedly found to confer protection to only a fraction of the mice; see Ref. 29 and experiments 1 and 2). There was thus no increase in the activity of protective cells in the absence of OX40L, at least by this assay, confirmed when a subeffective dose of cells was injected (5 ϫ 10 4 ; experiment 3).
Discussion
In several models of autoimmune diabetes the outcome of autoimmune aggression seems to be determined by the quality or quantity of costimulation received by autoreactive T cells during priming and/or upon tissue invasion (2, 4, 5). We initiated this study to evaluate the role of OX40L in such a context. We used both the NOD/Lt and BDC2.5 TCR tg mouse models of diabetes, crossing the OX40L KO mutation onto the NOD or B6-H2 g7 backgrounds. The effects on diabetes were quite dramatic: complete protection in NOD mice, strong reduction in BDC2.5/B6 g7 . We can rule out the influence of a known idd locus because the analysis was performed as a segregation study in the experimental cohort after eight backcrosses and selection against idd3, 5, and 10. As usual, we cannot absolutely rule out the impact of a gene tightly linked to the OX40L locus on chr1. Yet this artifact is highly unlikely in this study: first, there are no known idd loci in the vicinity of OX40L (and the idd5 loci upstream on chr1 were converted early in the backcross); second and most importantly, the effect was observed /NOD mice at 72 h after transfer. Data are from six independent experiments as shown in Fig. 4. b Number of CD4 ϩ BDC2.5 ϩ T cells that undergo cell division and decrease in CFSE fluorescence intensity.
c PI: Proliferation index ϭ dividing cells/nondividing cells. in two different contexts, including BDC2.5/B6 g7 mice which are inherently insensitive to genetic influences, as the disease develops despite C57BL/6 alleles that normally confer diabetes resistance.
FIGURE 5.
These results are reminiscent of the protection afforded by the OX40L KO mutation against EAE and CIA (10, 21, 23, 24) . However, several of our findings are somewhat at odds with previous notions of OX40 function. In particular, deeper investigation of the influence of the OX40L deficiency revealed that this mutation actually enhances anti-islet T cell activation by natural ␤ cell Ag, as well as the initiation of leukocyte infiltration into the islets.
Accelerated T cell priming and insulitis
Our finding of an enhancement of T cell activity in early disease stages contrasts with previous reports claiming that the abrogation of OX40 signaling in vivo in EAE models (by neutralizing mAbs, a chimeric OX40-Ig molecule, or OX40L KO) reduced the expansion of effector CD4 ϩ T cell populations and/or prevented their migration to the target tissue (10, 21, 24) . Similarly, other work had shown an impact of OX40/OX40L on early T cell responses in vitro, promoting the expansion and survival of cells in the days just after activation, perhaps through induction of anti-apoptotic molecules (10, 12, 14, 16 -18) . OX40L-deficient mice exhibit diminished recall responses to exogenously added Ag, suggesting an impairment of DC function (20) . In contrast with these reports, we detected no influence of OX40L on T cell survival after activation, either in vivo or in vitro. The key to the difference in effect may lie in the nature of the stimulus: much of the earlier data had been generated in vitro or by priming with exogenous Ag, whereas the autoantigen that stimulates BDC2.5 T cells is presented naturally in the pancreatic lymph nodes, outside of an overtly inflammatory context, and without the adjuvants required for the EAE and CIA models. One might speculate that the impact of OX40 costimulation is modulated by engagement of Toll-like receptors. Whatever the mechanism, the present results establish that the proposed role of OX40 in positive costimulation of T cell priming by enhancing survival does not apply in all situations.
It seems reasonable to suggest that the augmented T cell activation in OX40L-deficient mice is due to the increased expression of MHC class II molecules on DCs, resulting in more efficient Ag processing and presentation. Enhanced class II molecule expression on DCs seemed specific, not reflecting wholesale DC activation, because there was no increased expression of other surface molecules, such as CD40 or the B7 family members. The increased expression of class II molecules is limited to the myeloid subset of DCs, and does not extend to B cells. The change in expression of class II molecules may be due to external influences on the DC population, through retrograde signals from OX40L, which might normally dampen display. In support of this idea is the observation that triggering OX40L activates c-jun (22) , which has been implicated in MHC class II gene regulation (38) . Alternatively, the effect may be intrinsic to the DC, for example by competition between OX40L and class II molecules for chaperone or intracellular transport molecules.
Reduced diabetes
OX40L is clearly essential for full progression to diabetes. Importantly, this was observed both in conventional NOD mice and in BDC2.5/B6 g7 animals. The latter model, because of the dominant islet-reactive T cell repertoire, is far less sensitive to the complex genetic elements that influence diabetes in NOD mice, and thus provides important confirmation. In keeping with these results, injections of anti-OX40L mAb into very young BDC2.5/N mice did not provoke diabetes (data not shown), as do anti-CTLA-4 or antiinducible costimulator mAbs when administered at young ages (Ref . 2) and A. Herman et al., manuscript in preparation) . Nor did the OK40L KO mutation accelerate disease on the BDC2.5/N background as the CTLA-4 mutation does (39) . With this result then, OX40L acts as a positive costimulator. This decreased incidence of diabetes is obviously not due to reduced T cell activation, nor to a reduced frequency of T cells expressing the BDC2.5 clonotype, which can correlate with disease penetrance in other contexts (27, 29) . Because the destructiveness of insulitis appears to be linked to Th1 bias (40) , and because OX40/OX40L perturbation has been found to affect the Th1/Th2 balance in some contexts (41), the effect of the OX40L mutation on diabetogenesis might have been due to an altered Th1/2 equilibrium. Yet, no such imbalance was observed in this study, nor was an effect on regulatory T cell populations observed, at least in the assays used.
How, then, can one reconcile a faster and more efficient onset of autoimmunity with a less aggressive outcome? The OX40-OX40L pathway may be instrumental in orchestrating the late phases of autoimmune infiltration, once autoreactive T cells have entered the target organ, allowing for the long-term establishment of an insulitic lesion and the subsequent broadening of the autoimmune response. This would explain why the requirement for OX40L is more marked when autoimmune T cells are at a lower frequency (Fig. 1 ). This interpretation is quite compatible with observations in the EAE system, where OX40L blockade prevented the local spread of inflammation, effective at an early stage of disease when activated T cells are moving into neural tissue (24) . Alternatively (or in addition) it is conceivable that T cells, if overly activated at the early stages of the response, may "burn out" faster and thereby not be capable of participating in sustained lesions. Whatever the explanation, it seems that OX40 costimulation can be successively inhibitory or stimulatory.
In general, the analysis of costimulatory genes and molecules has been fraught with surprises and paradoxes, molecules thought to be stimulatory turning out to have inhibitory roles in other contexts (e.g., Ref.
3). These complexities can be ascribed to the number of interacting genes/molecules, and to their joint effects on both positively and negatively acting cell types. The unexpected results on OX40L reported in this study are of the same ilk. Clearly, it is imperative to have a more profound understanding of the activities of costimulatory molecules throughout the progression of a particular autoimmune disease before attempting to prevent or cure it via costimulatory molecule manipulation. Otherwise, the outcome could be disastrous.
